Purpose: The aim of this study was to elucidate the prognostic value of proenkephalin (PENK) in gastrointestinal stromal tumors (GISTs). Patients and methods: We collected data on 268 eligible postoperative patients diagnosed with GIST between January 1, 2002, and December 31, 2011. PENK expression was detected in GIST tissues classified using the United States National Institutes of Health (NIH) risk classification system. The associations between high PENK expression and the clinicopathological characteristics were assessed. Overall survival (OS) and recurrence-free survival (RFS) were estimated by Kaplan-Meier analysis, and the log-rank test was used to compare the differences between groups. Univariate and multivariate Cox regression analyses were conducted to assess the prognostic value of PENK in GIST patients. Results: High PENK expression was more common in the low-and intermediate-risk GIST groups compared with the high-risk group (P<0.05). Additionally, PENK expression was associated with tumor size, mitosis count per 50 high-power fields, and tumor rupture (P<0.05). Kaplan-Meier analysis revealed that high PENK expression was associated with superior OS and RFS, while low PENK expression was associated with worse OS and RFS. Furthermore, PENK was shown to be an independent predictor of OS and RFS in the overall population (for OS, hazard ratio [HR], 1.596, 95% confidence interval [CI], 1.006-2.914, P<0.001; for RFS, HR, 1.910, 95% CI, 0.977-3.089, P<0.001). Conclusion: PENK expression in GIST is closely associated with NIH risk grade and prognosis, indicating that PENK may act as a tumor suppressor and may serve as a new biomarker for predicting prognosis in postoperative GIST patients.
Introduction
Gastrointestinal stromal tumor (GIST) is the most common mesenchymal malignancy in the digestive tract. 1 Most GISTs have gain-of-function mutations in the c-tumorigenic event. [7] [8] [9] Clearly, the c-KIT or PDGFRA mutations do not represent all the important factors involved in the continuing development of GISTs. As a promising therapeutic agent, imatinib is generally not curative, although it is quite effective at stabilizing GIST progression. 10 Even after long-term imatinib treatment, most patients are left with a substantial tumor burden, showing that significant numbers of GIST cells can survive imatinib treatment. 11 Moreover, imatinib withdrawal in such patients results in rapid recurrence, which inevitably leads to the requirement for lifelong imatinib therapy. 12 Therefore, it is critical to find new agents or strategies related to non-kinase biochemical pathways that may help regulate classical RTK-driven signaling to resolve the current problems. Neurotransmitters are widely found in both the gastrointestinal system and the nervous system. Such neurotransmitters are so-called brain-gut peptides. Previous research on gastrointestinal neoplasms have highlighted that these brain-gut peptides contribute to gastrointestinal tumor pathogenesis and can be used as biomarkers for diagnosis and prognosis, including metastasis prediction, in patients with gastrointestinal neoplasms. [13] [14] [15] [16] One neurotransmitter that has recently attracted great interest is proenkephalin (PENK), which is abnormally expressed in several cancers and is associated with cancer suppression pathways. 17, 18 In gastrointestinal carcinomas, the enzymatic product of PENK, opioid growth factor (OGF), has been demonstrated to be a tumor suppressor, and the OGF-OGF receptor (OGFR) axis plays an important role in the process of tumor growth inhibition. [19] [20] [21] However, to the best of our knowledge, no studies have been conducted on pathogenic effects of PENK or its clinical relevance in GIST.
In the present study, we made the first attempt to fill this gap by investigating the contribution of PENK in GIST. In particular, we set out to study its relevance as a prognostic biomarker. Accordingly, we analyzed PENK mRNA and protein expression levels in GIST tissues and validated our results in a large-scale GIST patient cohort. We believe that PENK is a promising biomarker for GIST prognosis and may be a potential agent for GIST treatment.
Materials and methods

Patients and follow-up
A retrospective analysis was performed on 268 patients with GIST admitted to the Department of Gastrointestinal Surgery, Renji Hospital, Shanghai, China, from January 1, 2002, to December 31, 2011 . The inclusion criteria were as follows: 1) definite pathologic diagnosis of GIST involving c-KIT (CD117)-positive immunohistochemistry (IHC) staining results; 2) radical surgery conducted; 3) clinicopathologic and follow-up data available; and 4) patient consent and approval of the Regional Ethical Committee of Renji Hospital. The exclusion criteria were as follows: 1) primary GIST cases with any other malignant tumors; 2) chemotherapy/radiotherapy before surgery; and 3) lack of patient consent. Clinicopathologic parameters, comprising age, gender, tumor site, tumor size (cm), mitosis count per 50 high-power fields (HPF), tumor rupture, mutation type, and imatinib use, were obtained from Renji Hospital records. According to the modified National Institutes of Health (NIH) risk classification system, 22 patients were divided into very low-, low-, intermediate-, and high-risk categories. The very low-and low-risk categories were combined to create a new low-risk category.
All the patients involved in our research accepted regular follow-up until January 1, 2017, according to the National Comprehensive Cancer Network (NCCN) GIST guidelines.
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Overall survival (OS) was defined as the time from the date of surgery to death or the last follow-up time. Recurrence-free survival (RFS) was defined as the time from the date of surgery to first diagnosis of tumor recurrence or last observation. All the patients enrolled in this study signed informed consent forms. Ethical approval (no. 2016033) was obtained from the Regional Ethical Committee, Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, P.R.
China.
Tissue microarray construction and gene mutation sequencing method was used to quantify the relative PENK expression levels. The forward and reverse PENK primer sequences were 5′-TGCAGGTTTCCCAAATTTTC-3′ and 5′-GTGCA-GCTACCGCCTAGTG-3′, respectively.
Western blotting (WB)
The WB analysis was performed according to guidelines previously reported by our laboratory. 24 Seven tissue specimens from the abovementioned 36 tissue specimens were randomly selected (three low-risk, two intermediate-risk, and three high-risk tissue specimens) The following primary antibodies were used for WB: polyclonal goat anti-PENK (1:2000, ab77273, Abcam) and monoclonal rabbit anti-GAPDH (1:5000, ab181602, Abcam).
Statistical analyses
Statistical analyses were performed using SPSS 10.0 software (SPSS Inc., Chicago, IL, USA). The associations of high PENK expression with clinicopathological characteristics were assessed using chi square tests and one-way analysis of variance (ANOVA). The Kaplan-Meier method was used to assess OS and RFS and the log-rank test was used to compare survival. Univariate and multivariate Cox proportional hazards regression analyses were conducted. P-values involved in the analysis were 2-sided, and those <0.05 were considered statistically significant.
Results
Baseline characteristics of patients
A total of 268 patients with GIST (143 males and 125 females) were analyzed in this study. The patients' clinicopathological characteristics are presented in ) decreased from the low-risk group to the intermediate-risk group and to the highrisk group (P=0.008). Paired comparisons between the groups showed that the low-and intermediate-risk groups had significantly higher PENK mRNA expression levels than the high-risk group (P=0.002) ( Figure 2A) ; however, there was no significant difference between the low-and intermediate-risk groups (P=0.166). WB analyses of randomly selected cases from the 36 GIST tissue specimens (three lowrisk, two intermediate-risk, and three high-risk tissue specimens) exhibited the same results ( Figure 2B, 2C ). These data indicated that PENK was more highly expressed in the low-/ intermediate-risk groups than in the high-risk group.
PENK protein expression level in GISTs is closely associated with NIH risk grade
Based on the above findings, we subsequently conducted a large-scale tissue microarray analysis to detect the expression of PENK in 268 GIST specimens. As shown in Figure 1 , in GIST tissues, positive PENK expression was localized to the cell cytoplasm and easily observed in low/intermediate-risk tissues but hardly detected in high-risk tissues. The IHC staining results showed that 93 cases (34.7%) had high PENK expression and 175 cases (65.3%) had low PENK expression. Only 12 cases (9.8%, 12/122) in the high-risk group had high PENK expression. The associations between PENK expression and the clinicopathological parameters are shown in Table 2 . We found that high PENK expression was significantly more common in the patients with low-/intermediate-risk grade, smaller tumor size (≤10 cm), or lower mitosis count than in the patients with high-risk grade, larger tumor size (>10 cm), or higher mitosis count (P<0.01), respectively. We also found that the proportion with high PENK expression significantly differed between GIST patients with tumor rupture (51.2%) and those with tumor integrity (31.7%; P=0.016). However, PENK expression was not associated with age, gender, or tumor site.
High PENK expression predicts improved survival rate in GIST patients
We further investigated the associations of PENK expression with OS and RFS in GIST patients using the Kaplan-Meier method and Cox's proportional hazards regression. The Kaplan-Meier analysis revealed that the OS and RFS in the low-/intermediate-risk group (5-year OS rate, 97.3%, 145/149 ( Figure 3A) ; 5-year RFS rate, 95.3%, 142/149 ( Figure 3B) ) were remarkably superior to those in the high-risk group (5-year OS rate, 77.3%, 92/119 ( Figure 3A) ; 5-year RFS rate, 53.8%, 64/119 ( Figure 3B) ) (P=0.001). However, there were no significant differences between the low-and intermediate-risk groups in OS or RFS (P=0.320 and P=0.281 respectively) ( Figure 3A and B) according to the NIH risk grade classification. The Kaplan-Meier analysis also revealed that the OS in the high PENK expression group (5-year OS rate, 93.5%, 87/93) was remarkably superior to that in the low PENK expression group (5-year OS rate, 82.3%, 144/175) (P=0.034) ( Figure 3C) . Similarly, the RFS in the high PENK expression group (5-year RFS rate, 95.7%, 89/93) was significantly higher than that in the low PENK expression group (5-year RFS rate, 81.7%, 143/175) (P=0.033) ( Figure 3D) . Furthermore, the univariate and multivariate Cox regression analyses showed that high PENK expression was significantly associated with favorable survival rate (OS and RFS) in GIST patients (for OS, hazard ratio (HR), 1.596, 95% confidence interval (CI), 1.006-2.914, P<0.001 (Table 3) ; for RFS, HR, 1.910, 95% CI, 0.977-3.089, P<0.001) ( Table 4) ). Age, gender, and tumor site were not associated with OS or RFS in the multivariate models, while tumor size, tumor rupture, and mitosis count were, not surprisingly, associated with both OS and RFS (P<0.01) ( Table 3, Table 4 ).
Discussion
Most GISTs harbor gain-of-function c-KIT or PDGFRA mutations, which is critical for GIST growth and maintenance. 2 Targeted therapies against c-KIT or PDGFRA mutations have greatly improved the survival of GIST patients. However, acquired resistance eventually occurs in almost all GIST patients during treatment. 3, 4 In addition, approximately 10-15% of GISTs do not harbor c-KIT or PDGFRA mutations. 5, 6 Thus, there is a need to find new biomarkers and treatment strategies to fill the gap. PENK, which has a molecular weight of 34 kDa and is located on human chromosome 8q12.1, may be a candidate. It is mainly localized to the cell matrix, and is also found in the cell membrane, nucleus, and mitochondria. It also acts as a neurotransmitter, encoding a preproprotein that is proteolytically processed to generate multiple kinds of protein products. 25, 26 PENK-derived peptides act as neurotransmitters, neuromodulators, and neurohormones; exhibit opioid activity; participate in responses to stress and pain; and contribute to appetite and sleep regulation. 27 In addition, the PENK gene is expressed in several nonneuronal tissues, including endocrine glands such as the adrenal medulla, immune system cells, and embryonal skin mesenchymal cells. [28] [29] [30] Recently, PENK and PENK-derived peptides have been reported to be associated with the regulation of gastric, head and neck, and pancreatic cancers. 20, 31, 32 However, the expression and clinical significance of PENK in GIST have not been previously reported.
In this study, to elucidate the clinical significance of PENK in GIST, we detected the PENK mRNA level in 36 GIST tissue specimens with different NIH risk grades by qRT-PCR, and the PENK protein level in seven tumor specimens by WB analysis. Both the qRT-PCR and WB results showed that PENK was highly expressed in low-/intermediate-risk tumors compared to high-risk tumors, which suggested that PENK might act as a tumor growth suppressor. Additionally, the IHC results of a large-scale sample of GIST tissues showed that high PENK expression was observed in 60.4% of low-/intermediate-risk tumors, but in only 9.8% of high-risk tumors. Thus, the IHC results were consistent with the qRT-PCR and WB results, further indicating that PENK might act as a negative factor during the progression of GIST. In addition, the data revealed that PENK expression was negatively associated with tumor size, tumor rupture, and mitosis count, which suggested that PENK expression might be associated with slow GIST progression and may act as a tumor progression inhibition factor. However, there are few related studies focused on the associations between PENK knockdown and tumor progression in different types of human neoplasms. In a future study, we will investigate these associations. Many studies have reported the antitumor effect of OGF (a PENK-derived peptide) in a variety of cancers. McLaughlin et al reported that OGF inhibits the progression of human squamous cell carcinoma of the head and neck transplanted into nude mice. 20 Zagon et al also found that human pancreatic cancer cell growth is tonically inhibited by OGF. 31 Further investigation by Cheng et al confirmed these results in pancreatic cancer. 33 The function of OGF involves reversible, non-cytotoxic, and non-apoptotic induction, independent of the cell status regarding differentiation, migration, invasion, or adhesion, and this occurs at physiological concentrations, including in a variety of poorly differentiated and well-differentiated human cell lines. 34, 35 The function of OGF in tumors is to target DNA synthesis and block the G0/G1 phase. 25, 36, 37 Administration of OGF in vitro has a strong antitumor effect on tumor progression, slowing tumor growth and reducing tumor size. 34, 38 Additionally, the combination of biotherapy with OGF has been shown to lead to increased antitumor effects compared to chemotherapy alone. 35, 38 Therefore the mechanism of OGF in GIST deserves further investigation. The Kaplan-Meier analysis revealed that PENK expression was closely associated with the OS and RFS of GIST patients. GIST patients with low PENK expression had worse OS and RFS than those with high expression. Therefore, we concluded that PENK is a predictor of favorable survival rate (OS and RFS) in GIST patients. Univariate and multivariate Cox regression analyses also showed that high PENK expression was significantly associated with favorable survival rate (OS or RFS) in GIST patients. As a result, PENK was shown to be an independent predictor in the overall GIST population. In addition to mitotic rate, tumor size, and localization, which are used for the NIH risk grade classification, PENK expression may also play an important role in the risk grade classification of GISTs. The great clinical value of PENK in predicting the recurrence risk of postoperative GIST patients may contribute to improving clinical therapeutic effects.
Conclusion
In this retrospective study, we found that high PENK expression was associated with better OS and RFS in GIST patients and that PENK was an independent predictor of OS and RFS in the overall GIST patient population. These results indicate that PENK may be negatively associated with GIST progression. Detection of the PENK expression level in postoperative patients might therefore improve therapeutic decision making for these patients. However, the molecular mechanism of PENK in GIST deserves further investigation. 
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